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SIMPLIFIED DYNAMIC BUCKLING ASSESSMENT OF STEEL CONTAINMENT

C. R. Farm, T. A. Duffey, and D. H. Renick

Los Alamos National Laboratory, Los Alamos, NM 87545 USA

AIJSTR ACT
A simplified, three-degree-of-freedom analytical procedure for performing a response

spectmm buckling analysis of a thin containment shell is developed. Two numerical examples
with R/t values which bou,ld ninny existing steel containment are used to illustrate the
procedure. The role of damping on incipient buckling acceleration level is evaluated for a
regulatory seismic spectrum using the two numerical examples. The zero-period acceleration
lCVC1that causes incipient buckling in either of the two contain~ents increases 3170 when
damping is increased from 1% to 4% of critical. Comparisons with finite element results on
incipient buckling levels are favorable.
1. INTRODUCTION AND SUMMARY
Metal containment structures for nuclear reactors are typically thin-walled shells that may be
sensitive to buckling caused by a combination of conventional live and dead loads and by
seismic excitation. While finite element methods are available for numerically evaluating the
detailed dynamic ~sponse of such containmcnts, these methods can be computationally
tedious,* Simplified methods would be useful for rapidly obtaining estimates during the
preliminary design phase and for assessing the margin to failure of existing cent.ainmcnts,

This paper presents a simplified dmc-degree-of-flecdom (3-DOF) analytical procedure for
performing a response spectrum buckling analysis of a thin containment she]]. Two numerical
examples arc then given illustrating the application of the analytical procedure, based upon
containment R/t values of 450 and 645, These values bound the R/t values of many existing
steel containments[ 1],

The role of darnping on the incipient buckling acceleration level is evaluated based on the
simple 3-D(3F modal/response spectrum analysis prwedure and on a site-independent seismic
spectrum. The zero-period acceleration (ZPA) level that causes incipient buckling in either of
the two containment analyzed increases 31% when damping is increased from 1% to 470 of
critical,
2. SIMPLIITED BUCKLING ANALYSIS
At !Nrnplifled Model

.-. ..— —.

*Containment shells anulyzcd in a compnnion paper (Ref. 1) using the finite element method
witn transient .titne i,~tegration required & 10 hrs, C’PU time per anulysis on a CRAY Y-NIP
co:nputcx for a 6 sec. tii~\e history of response,



The 3-DOF model of the containment is shown in Fig. 1. The f~st DOF is horizontal motion,
similar to tha: of a short cantilever beam, and results from the shear-bending mode of response.
The second DOF is identical to the first, but acts in the orthogonal horizontal direction (not
shown in Fig. 1). The third DOF corresponds to axial motion in the vertical direction.
Refernng to Fig. 1, m denotes either mh or mv, where mh is tne participating mass for the
horizontal translation mode and mv is the participating mass for the vertical translation mode.
In both cases, the participating mass is assumed to be concentrated at the end of the cylindrical
portim of the containment.
2Q Determination of Resonant Frequencies

The resonant frequency for the vertical translational mode, f,, is estimated as

where Kv is the axial stiffness of the cylindrical shell. These quantities are defined as

K, =AEIL, and

mv =m@+l/3mc,

(1)

(2)

(3)

where m,p = the mass of the hemispherical dome; mc = the mass cf the cylindrical portion of

the containment; E = Young’s modulus; A = Cross-sectional area of cylindrical shell; and L =
length of the cylindrical portion of the containment. The participating mass for vertical motion,
mv, was determined by Rayleigh’s Method [2].

~ccause the structure is modeled as axisyrnmet.ric, the two shear-bending modes associated

with the horizontal DOFS

estimated as

will have the same resonant frequency, This frequency, fh,is

(4)

(5)K*= 1
LJL’

~+KAG
where 1 = the cross-section area moment of inertia; tc = a shape factor for thin circular crms-
sections, 2.0; and G = the shear modulus.

The containment is similar to a short beam; hence, the horizontal displacement of the
cylinder, when responding in its fundamental shear-bending mode, is ussumcd to be a linear
function of the height of the cylinder, Using this astumcd displacement field, Royleigh’s

method is ugain employed to determine mh, the participating muss for the shw-bending m(xjes.

If the muss of the hemisphere is lumped at the hmnisphtre’s centroid, them the pw-ticiputing
mass for each shear-bending rmxic is



(6)

where a = the height of the hemisphere’s centroid above the top of the cylindrical portion of the
containment<
2.3 Dynamic Amplification
A standard site-independent response spectra, Fig, 2 (NRC Regulatory Guide 1.60[3]), is next
used to determine the dynamic amplification factors associated with these three modes.
2.4 Stresses from Simple Beam Theory
The maximum axial stress at the base of the cylindrical shell is next determined from beam
theory. Axial stress caused by bending induced from the horizontal component of acceleration is
considered, along with the axial stress caused by the static load of the containment, including
typical normal operating negative air pressure effects and the axial stress caused by the vertical
inertial loading. These stress components are as follows:

(7).(9)

where cr+m = the longitudinal dynamic stress that results from the horizontal inertial

6 O* = the longitudinal dynamic stress that results from the vertical inertial force; cr+~

force;

= the

longitudinal static stress; M = the bending moment at the containment base caused by the

horizontal inertial force; P~,= longitudinal static load; Poy = longitudinal inertial load; p = the

negative air pressure during normal operating conditions: c = distance from the neutral axis to
the outermost fiben r = radius of the cylindrical portion of the containment; and t = the wall
thickness of the containment shell.

The bending moment appearing above is determined from

M = D~hg mhL, (lo)

where D~h = dynamic amplification factor for the horizontal transition mode, and g =

horizontal acceleration,

The axial static load is given by
p~,= mtgo, (11)

where mt = msp + ~, and go = the acceleration caused by gravity,
Finally, the axial inertial load is given by

~Y= O.67D~,gm0,P (12)

where D~, = Dynamic amplification factor for the vertical translation mode, and 0.6’7 is a facmr

that relates the ven ical acceleration to the horizontal acceleration [3].
2.5 Shear Bucklil\g Considerations
The lnuximum in-pi~ne shear stress in the cylindrical shell occurs at a position + 90’) around the
shell from the point of mtiximum compressive stress, 13asedon [4], for o ctmtilever cylindrictd
shell loaded by a transverse concentrateti force, P, on i;s end, it can be shown that the maximum
shenr stress is



(1;)

The
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horizontal shear force is given by

P= DAhgmh. (14)

Combining Eqs. (13) and (14) results in

Note that this component of stress results trom the dynamic loads caused by the horizontal
component of the seismic excitation.
2.6 Circumferential Stresses
The simplified 3-DOF model is effectively a beam-column representation of a shell. It does
not, therefore, account for circumferential stresses, ~, induced by the seismic input
accelerations. The role of these circumferential (hoop) stresses is significant on the value of g-
loading which corresponds to incipient buckling [1], A “hoop stress reduction factor” to be
used to correct for this shortcoming of the simplified model was therefore determined
numerically. Finite element calculations were performed using the containment shell models
(R/t = 450, &15)described in a companion paper [1]. A variety of earthquake acceleration-time
histories were used as inputs to the computer models. Using procedures of [1], the incipient g-
loading which just leads to buckling was determined for both shell models and each of the
seismic input signals (the signals were selected such that a large range in amplifications of the
fundamental shear-bending modes of the two models would be achieved). Then the

corresponding g-loading for buckling was determined assuming 60 was zero. The ratio of these

buckling g-values is the hoop stress reduction factor which, when multiplied by the 2-
dimensional incipient buckling value predicted by this simplified 3-DOF model, corrects for the
absence of the circumferential st.rrss in the interaction eqtwtions,

The resulting hoop stress reduction factor is plotted in Fig. 3, where it is seen that the factor
is reasonably independent of the amplification factor of the shear-bending modes of the two
shells, A hoop stress reduction factor of 0.6 appears to nxsonably approximate the data for
both shells.
2.’/ Combining Stress Components
ne wess components can be combined assuming three components of input are acting
simui~m v.tsly. To account for random phasing of the earthquake input components, a 100-40=
40 rule 1(, combining seismic stresses was used [5], The stress interaction curve from ASME
Code CaxI N-284 [6] is then utilized to evaluate buckling, For axial compression and shear, the
interaction curve reduces to

(16)

where subscript D denotes intercept vtdues of limiting axial and shem stress ~6], Two critical
locations at the base of the containment must be considerwi, These points are shown in Fig. 4.
Point I in Fig, 4 will experience the maximum longitudimd stress, while Point 2 will experiene
the maximum in-plune shem stress,



3. NUMERICAL EXAMPLES
Using the above procedures and ASME Code Case N-284, the buckling capacity of the two
(R/t = 645 and 450) unstiffened containment shells are determined for different levels of
viscous damping. Details of geometry, material and loading, as well as intermediate results, are
presented elsewhere [7]. A scaling procedure also detailed in [7] is utilized to determine the
‘mro-period acceleration (ZPA) values that correspond to incipient buckling for a generic state
of stress.

Resulting values of the ZPA that lead to a condition of incipient buckling as defined by
ASME Code Case N-284 are summarized in Table 1 for the two cormtinment examples. Note
that the hoop stress reduction factor of 0.6 has been ~pplied to the results in Table 1.-

As can be seen in i.hese numerical examples, incipient buckling level is increased by 31% in
both cases as the damping is increased from 1% to 4%.
4. COMPARISON ti~-ki FINITE ELEMENT RESULTS
Results of finite element calculations of incipient buckling levels for the same two numerical
examples as presented herein are taken from a companion-paper [1]. Comparisons of g-levels
are presented in Table 2. Comparisons identified as “two dimensional” are those for which
transient hoop stresses are not included (See Section 2.6). “Three dimensional” comparisons
include hoop stresses (using the factor 0,6 in the case of the 3-DOF solution). Agreement for
the 3-DOF solution and finite element solutions is within 25% for the 3 dimensional
comparisons.
5. RESULTS AND CONCLUSIONS
A simplified three-degree-of-freedom analytical procedure is presented for performing a
response spccbum buckling analysis of a thin containment shell. The procedure is consistent
with US NRC Seismic Analysis Guidelines and the ASME PYP (Me Case N-284 Containment
Buckling Prom&wes.

Based on the lbove procedure, two numerical examples are utilized to evaluate the role of
damping orI incipient seismic buckling. The zero-period acceleration level that causes incipient
buckling in either of the two containment analyzed increases 31% when damping is increased
from 1% to 4% of critical for the regulatory specrtra considered.
Comparisons with tedious finite element results are withiil 25%, suggesting that the
approximate procedure outlined herein may be suitable for prel Iminary containment buckling
design estimates.
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TA.DLEL ZEROPERIOD ACCELERATION VALUES TIIAT WILL CAUSE
AN INCIPIEIW’ BUCKLING CONTXT’IONUSINGREG. GUIDE 1.60SPECXRA

0.16g% 0.3s g’s
:: 0.17g’s 0.38 fS
4% 0.21#s 0.46 g’s

TABLE Z COMPARISON OF LUMPED W AND PINITE ELEMENT RESULTS
USING REG. GUIDE 2.60 SPECTRUM

Two Dimcdonst Ttu4e DimcnsioaaJ
Lumoed M FEM. No Lummt ~ FSM With

B& lR#iosM&pQ&Ry wi~m.Qmusl Xmistua

645 2% 0.29 gs 0>9 g’s
64s 4% 0.3s gs 0.34 g’s
4s0 1% 0.38 gS 0.39 g’s
4s0 2% 0.63 g’s 0.44is
4s0 4s O.ng’s 0s2 g’s

0.16 g’s 0.19 g’s
0.17 g’: 0.22 g’s
0.21 g’: MS g’s
0,35 g’: O.zl #s
0.38 ~S 0.30 g’s
0.46 gs 0.36 $s
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